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HEAT-TRANSFER AND WEIGHT ANATYSIS OF A
MOVING-BELT RADIATOR SYSTEM FOR
WASTE HEAT REJECTION IN SPACE

by Richard J. Flaherty

Iewis Research Center

SUMMARY

A theoretical analysis has been conducted of the heat-transfer and weight
characteristics of a moving-belt radiator system in which waste heat 1is trans-
ferred to the belt by contact with the outer surface of a rotating or stationary
drum in which working-fluld vapor 1s condensing. An eigenvalue solutlon for the
conductive heat transfer from the condensing vapor through the drum wall and
drum-belt interface to the belt is derived. A simplified approximate relation
for the heat transfer is also presented.

An analysis of the drum-belt system weight (per unit heat-radistion rate)
was conducted to indicate the Influence of the major deslign variables involved.
System weight was found to be highly dependent on the value of the belt-drum
contact conductance. Means must therefore be provided to obtain good contact
conductance. The desirabillity of high condensing coefficients was also indicat-=d
for low system weight.

An illustrative example of the incorporation of a belt radiator into a sim-
ple Rankine turbogenerator cycle at a power level of about 5 megawatts was com-
puted. Calculations showed that a belt-radiator-system weight can be substan-
tially less than the weight for a corresponding fin-tube radiator.

Because the belt radiator offers promise of substantisl welght savings over
a fin-tube radiator because of its reduced susceptabllity to meteoroid damage
and since it offers a compact launch package, the belt-radiator system appears
to have a significant advantage for electrically powered space-propulsion sys-
tems. However, the mechanical complexity and unique heat-transfer characteris-
tics of the belt radiator required detalled design studles and experimental work
before its true potentilal can be established.

INTRODUCTION

A number of proposed propulsion systems for future space missions utilize
electrical energy for production of thrust. To be of practical value, the sys-
tem, including fuel for producing electricity, must have low weight per unit



power and per unit energy. A nuclear powerplant offers low weight per unit
energy and considerable potential for low weight per unit power. To date, most
nuclear power-generatlion systems being consldered convert thermal energy from a
reactor into electricity and are Carnot limited (e.g., turbogenerators, therm-
ionic converters, thermoelectric converters, and regenerative fuel cells).
Therefore, the overall system must reject large amounts of waste heat into space.

In general, the only practical means of heat rejection in space is radia-
tion. Thils waste heat can be radiated by a fluid-filled tubular radlator (refs.
1 and 2) or a moving-belt-type radiator system (refs. 3 to 5). The purpose
hereln 1s to analyze a moving-belt-type radiator system for nuclear electric
powerplants. Before proceeding further, some desirable characteristics of a
radiator should be pointed out. First, as with any system put into space, it
should be as light as possible and religble. According to reference 1 the fluid-
filled tubular radiator can be one of the heavier components of the powerplant
and is physically the largest. Second, the radistor must be insensitive to
the hostilities of the space environment. Protectlion of fluid-filled components
from meteorolds is essential, and, therefore, the exposed area of such components
should be kept small. Third, it is desirable to reduce the radiator to a com-
pact package for launching or atmospheric braking.

The radiator proposed in references 3 to 5 consists of a continuously
moving belt, which travels alternately to a heat exchanger where by virtue of
its heat capaclty it absorbs waste heat and through space where 1t rejects heat
by radiation (see fig. 1). More specifically, the radiator system could be com-
posed of a belt moving contlnuously across & rotating drum that contains the
condensing cycle fluid., If good heat transfer 1s obtained between the cycle
fluid and the belt, the fluld-filled drum will be relatively small; as & conse-
quence, the area vulnerable to meteoroid damage will be smaller than that for a
camparable tubular radiator. Hence, the meteoroid protection would be rela-
tively light, which would make the whole radiator system comparatively light.
The belt, although large, could probably be rolled into & compact package for
launching and atmospheric braking. Thus, the belt radiator system has the po-
tentlal for satisfying some of the desirable characteristlcs of a waste-heat-

rejection system.

To date, studles of the belt radlator system have not gilven a detailed,
rigorous heat-transfer analysis of transient heat conduction through the drum
wall Into the belt. No welght optimization has been presented that included a
trade-off between the drum and belt welghts to minimize the heat-rejection-
system welght. Also, parametric studles that show the welght dependence of the
drum-belt system on the varlous system parameters are lacking.

This report presents an analysls of the heat-transfer and welght character-
istics of a drum-belt radiator system. A general descriptlion of belt radiator
gystems is gilven first. This is followed by a detalled discussion of the drum-
belt system chosen for the analysls. Specilal emphasis 1s placed on conductive
heat transfer, and an elgenvalue solution 1s presented for the transient heat
transfer between the drum and the belt. A simple approximation for this heat
transfer 1s also developed for ease of use. A parametric study of drum-belt
gystem weight in terms of Btu per second of heat radlsted is given, and the
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effect of various parameters on welght is shown. The relative merit of operation
of f minimum weight for a more favorable belt speed and system is discussed. The
welght of the radiator system in terms of kilowatts of electrical output is also
presented with the use of typical powerplant cycle assumptions. TIn addition, an
illustrative example of a nuclear, electric power-conversion system incorporating
a belt radiator is presented with a simplified weight analysis for a 5-megawatt
class powerplant.

SYMBOILS
A ZVG/QBbCBV
a acceleration causing condensate in drum to flow, ft/hrz
B belt width = drum length, £t
b belt thickness, ft
C coefficient
c specific heat, Btu/(1b)(°R)
D drum diameter, ft
B coefflcient
A pbb/SrBVETz, design parameter
5 2

(o 12 b (G“ ) D ___ design parameter

i3 Vzgoa NZ) ri18e,
F coefficlent

F cos %b(S - x)
f C sin de
¢ contact area/wBD
g 32.2 ft/sec? = 4.17x10° £t /nr?
H contact conductance, Btu/(sq £t)(hr)(°R)

1 -1
H, 1,1 , Btu/(sq ft) (hr) (°R)

h H
h f11m condensation heat-transfer coefficient, Btu/(sq £t)(hr)(°R)



K

coefficient

Ky (& + 2 -
kd Zkb

k

L

thermal conductivity, Btu/(ft)(hr)(°R)
total belt length, Tt
length to give Reynolds number for condensing heat transfer, ft

latent heat of vaporization, Btu/lb

number of belt loops

2
Ya % _ P
2k, p.c
T d dd
b

electrical output, kw
orthogonal weighting function
contact pressure, lb/sq in.
thermal output of heat source, w
rejected heat, w or Btu/sec

thermal resistance from condgnsing vapor to center of belt thickness,
r' + 3600/h, (sq ft)(sec)(°R)/Btu

thermal resistance from inner drum wall surface to center of belt thick-

ness, (L + & + _P_ 3600, (sq ft)(sec)(OR)/Btu
B ky 2k

s+ b, £t
drum wall thickness, £t
temperature (T at (x,t) in drum wall and belt), °R

average temperature through belt thickness at any time, °Rr

o}

turbine-exit temperature (condensation temperature), "R

turbine-inlet temperature, °R

Inmer wall temperature, °r




average temperature through belt thickness after contact t = t, Or

°gr

average temperature through belt thickness before contact t = O,
time, sec

ratio of turbine-exit to maximum belt temperature, Te/Tl

belt speed, ft/sec

view factor

welght, 1b

drum plus belt weight, Wq t+ Wy 1b

coordinate in sketch (c)

coordinate in sketch (e)

coordinate in sketch (d)

%ds

total powerplant specific weight, lb/kw

primary radiator specific weilght, lb/kw

drum weight parameter (drum-system weight/contact area), 1b/sq ft
/k/cp

emlissivity

% (vee)

1
+ £
ut 2 (er)in

net power output factor, 1 - fraction of power internally consumed

product of component efficiencies, MENeNp Ny

(rq /) [[(5/8) - 1]
F/C

constant determined by heat-transfer boundary conditions



s viscosity

v £.73x0" 2 Btu/ (sec) (sq ft)(oR)4

0 density, 1b/cu ft

o tensile stress in belt, 1b/sq in.
g allowable tensile stress, 1b/sq in.
T T, /Ty

¢ k,/sH

¥( ) see eq. (al18)

® (ky/%y) (ry/74)
Subscripts:

A alternator

B beiler loop

b belt

C power conditioning
c contact

d drum

i turbine inlet

in inner belt surface
m, n index numbers

o] condensate

opt optimum

out outer belt surface
T turbine
t total



GENERAL DESCRIPTION

The belt radiator can be used in principle with any system reguiring the
rejection of waste heat. Although the primary purpose of this study is to
analyze the belt-radlator system, it 1s necessary to specify a particular power-
conversion cycle to define the components and heat-flow paths and to permit mini-
mization of the belt-radiator-system weight (belt and heat exchanger). In so
doing, it is also easier to show the full potential of a belt radistor system to
reduce the welght per kilowatt of an entire powerplant compared to that of a
tubular radistor.

A Rankine thermodynamlc cycle that uses a turbogenerator was chosen for the
present study. Therefore, waste heat is removed from the cyecle fluid in the
radiator system by condensation at an essentially constant temperature determined
by the overall system optimization. The cycle fluid could be mercury, cesium,
rubidium, potassium, or sodium depending on the cycle temperatures and pres-
sures.

The main problem of the belt radistor system is the transfer of heat to the
belt. The following methods may be considered (see fig. 2):

(1) Heat cen be transferred to the belt through surface contact with the
outside of a rotating or stationary drum within which the working fluld is con-
densed. (figs. 2(a) to (c)).

(2) The belt can be passed through an enclosure filled with the working
vapor, which then condenses on the belt (fig. 2(d)).

(3) The belt can be passed between a stack of plates or tubes that radiate
to the belt (fig. 2(e)). This configuration is lighter in weight than that in
which the tubes are arranged in a single plane so that they can radiaste to space
because less area 1is exposed to meteorcid damage. Thus, the weight of the mete-
oroid shielding would be less than that for a single~plane tubular radiator.

(4) A "nousehold flat iron" type of heat exchanger, which could eliminate
cyclic flexing of the belt, can be used. The belt can slide over the flat
iron on a ligquid-metal interface. As an alternate method, the flat iron would
move with the belt for a short distance while making contact, then would break
contact and move back to its initial location, where it contacts a new segment
of the belt and repeats the process.

The heat-rejection system analyzed in detail in this report is the drum-
belt system (figs. 2(a) to (e¢)). In general, whether the drum is rotating or
the belt 1s revolving does not affect the analysis. Sketches of possible belt
configurations for this system are presented in figure 3.

For the case of the rotating drum, the need for a rotating seal between the
drum and the rest of the powerplant can be eliminated by allowing the entire
powerplant to rotate. If the belt revolves around a stationary drum, there is
no need for a rotating seal. If the drum alone rotates, the belt can form open
loops, as shown in figure 3(a). The open-loop configuration permits heat radi-
ation from both sides of the belt. For the case of the revolving belt, the



loops tend to close and thus result in an unfavorable view factor for the inside
of the belt (figs. 3(b) and (c)). Sometimes it may be desirable to combine a
revolving belt and a rotatling drum.

For the case in which the drum alone rotates, no contact pressure is pro-
duced by the tension generated from the centrifugal force, which acts on the
belt traveling through the radiation loop. This tension simply cancels the cen-
trifugal force tending to throw the belt off the drum. Basically, the tensile
stress generated by a completely flexible belt traveling curved paths depends
only on the density and speed of the belt. The tension is independent of the
radius of curvature of the belt; however, revolving the belt produces a tension
that will give a contact pressure between the drum and the belt. Some contact

pressure 1s always desirable for moving-belt systems.
HEAT-TRANSFER ANALYSIS

The four heat-transfer processes to consider with the drum-belt heat-
rejection system are as follows:

(1) The transfer of heat from the condensing fluid to the drum inner wall

(2) Conduction through the drum wall and across the interface into the belt

(3) Mechanical transfer by the moving belt
(4) Rejectlon of heat into space by radiation from the belt

Sketch (a) shows the heat-transfer path from the vapor to the belt with the
assocliated heat-transfer conductances:

Condensate _

- I
film—- /////3 r/u{ ///7/ I k. /s
s LTINS,
1nterfac,e——:’ NP{\\\ ; x,

Belt—
(a)

Adding the reciprocal of the conductances (see sketch (a)) gives the thermal
resistance from the condensing vapor to the center of the belt thickness (ap-

proximation to the effective distance that the heat flows):




r = (i + 8 + 1 +-_EL)3600 (sq ft)(sec)(°R)/Btu (1)
h kd H Zkb

For a steady-state heat-transfer process, the thermal resistance and the temper-
ature drop are all that are necessary to determine the heat flux. For a tran-
slent problem, such as for the drum and the belt, the heat capacity along the
heat-transfer path is also a factor.

Condensing Heat Transfer

For elther a rotating or a stationary drum, vapor from the turbine exhaust
could be channeled through tubes or passages bonded to the inside of the drum.
Condensing heat-transfer coefflclents for metallic vapor flowing in tubes, how-
ever, have not been accurately established. Condensation directly on the drum
wall is also possible if the drum wall serves as one slde of the flow passage.
In either case, 1t 1s desirable to obtain as high a condensing heat-transfer co-
efficient as possible.

For the rotating drum, it may be possible for condensation to occur directly
on the drum wall without passages on the inside of the drum. An insight into
the problem involved in obtalining a high condensing heat-transfer coefficient 1n
this case can be obtained from the classical Nusselt equation for fi1lm condens-
ing given by reference 63

1/4
021378
h = 0.943 f&@@ Btu/(sq £t)(hr) (°R) (2)

where h is the average heat-transfer coefficient over the length of flow &,

a 1s the acceleration causing the condensate to flow, and 8T 1s the tempera-
ture drop across the film thickness. The other terms, p, k, 1, and u are
condensate propertles. Centrifugal force willl keep the condensate against the
wall, and a slight taper in the drum would cause the condensate to flow to the
large end. The other terms in the equation that can be controlled in the design
of the drum are £ and a. For example, high values of a and low values of
£ might be obtainable in the peak to trough direction of a grooved structure
such as that shown in sketch (b).

Drum radius )\K

Grooved
- inner
surface

(b)




In the parametric study presented in the section WEIGHT ANALYSIS, the ef-
fect of the condensing heat-transfer coefficient on radiator-system weight is
included as an input variable. However, the heat transfer between the drum and
the belt 1s, in general, much more critical for the system and, therefore, is
discussed next in greater detail.

Drum to Belt Heat Transfer

A solution for the heat transfer through the drum wall into the belt is
needed to determine the temperature drop across this part of the heat-transfer
path. The solution requires an expression that will glve the temperature at any
point x throughout the thickness of the drum wall and the belt as a function
of the time +t, the contact conductance H, the thermal properties of the wall
and the belt materials, and their thicknesses. The analysis of the problem was
based on the model shown in sketch (c).

L Elemental T
length
of belt

(e)

In the analysis, an elemental length of belt will be followed around the
drum. The position of the element along the drum is determined by the time t,
the belt speed V, and the drum diameter D. The heat transferred in the longi-
tudinal and circumferential direction is small compared with that in the radial
direction. Thus, only heat transferred in the direction perpendicular to the
drum and the belt contacting surfaces will be considered. This direction will
be called the x-direction. The inner drum-wall surface will be set at x = O.
The belt surface opposite the contacting surface will be at x = S. The
x-coordinate will be considered to be fixed in the drum and rotate with the
elemental length of belt (and adjacent drum wall) being studied.

If the radius of the drum 1s assumed large compared to the combined thick-
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ness of the belt and the drum wall, the problem becomes a one-dimensional tran-
sient heat-transfer problem. - The equation for one-dimensional heat transfer is

92p 1 3
SZ ESE )

It will be assumed that the inner drum-wall surface (x = 0) will be kept at a
constant temperature T, by the condensing vapor (boundary condition, see ap-
pendix A). Actually, T, at any point would vary about an average value in a
periodic manner because, as the temperature of a contacting belt element in-
creases, the driving temperature drop between the vapor and the belt element de-
creases. Thus the local heat-transfer rate is reduced. When the heated belt
element breaks contact with the drum, it is replaced with a cool belt element,
which initially gives a large temperature drop. Therefore, successive contacts
of cool elemental belt lengths to the same point on the drum causes the local
heat flux to undergo periodic variations. (The heat capacity in the drum wall
tends to dampen these heat-flux variations to the inner drum wall surface.)
Changes in T, depending on the magnitude of the condensing heat-transfer co-
efficient h, will, therefore, occur to accommodate the changes in heat flux.
The value assumed for Ty for purposes of this analysis is considered equal

to that needed for a steady-state condensing process determined by the required
powerplant heat-rejection rate, the condensing heat-transfer coeffilcient, the
condensing area, and the vapor temperature.

The heat radiated from the belt surface at x = 5 during the time of con-
tact is assumed negligible compared to that absorbed by the belt (boundary con-
dition 2; see appendix A). Thils simplifying assumption is conservative and a
good approximation In view of the generally small ratio of drum surface area to
belt area and the radiation-impedance effect of the meteorold shield. A series
solution for this problem 1s derived in appendix A. The results are obtained in
parametric form, referenced to the average incoming belt temperature Ty and
the inner wall temperature Ty. The final equations are the following:

The local tempersture through the drum wall in parametric form is

o0

22

T - T -(A )%
2 d'n'd -
T—_—T—=l— e Cn sin (7\d)nx fOI‘OEXE s (3)
W 2
n=1
and through the belt thickness is
[>°]
2.2
T - T -(N) vt
R T e %b b o (Kb) (s - x) for st <x < 8 (4)
S n - =
W 2 n
n=1

11



(The conventional notation for left- and right-hand limits is used: s~ denotes
the left-hand limit and s% denotes the right.)

where
2 = x/pe
8 S
/ T(x,0) sin (7\d)xdx+PAn/ T(x,0) cos (7\b) (s - x) ax
n n
c = 0 , -
n
1 P‘A‘El 1 )
L 12 N) s-2Lsin2(A) sl + = S ~ s 4~_ sin 2 S - s)
ool RUVREE R IR o o ERCSICER) (™) (
n n
where ( 0) is the initial temperature distribution in parametric form,
1-(T-T,)/(T w -~ To)
F = AC '
n n
k.v. cos (A.) s
A = d'b a’y ]
’ ) -2 (s - 8)
T, sin — (S - 8
kb d d'y Tp
and
p e
P = bcb
Paa

The method for determining the A's is discussed in appendix A. The A's are
dependent on H, and the thermal properties and the thicknesses of the drum wall
and the belt.

Contact conductance H 1is the heat-transfer rate between two surfaces
divided by the product of the apparent area of contact and their temperature dif-
ference. It 1s a function of the percent of actual physical contact, the size
of the individual contacts, and the conductances of the two contacting materials
(ref. 7). If perfect physical conbact were made over the entire area of apparent
contact, H would equal «. Actual physical contact between two metal surfaces
without high contact pressure is usually only a very small fraction of 1 per-
cent of the apparent contact.

To compute numerical results from equations (3) and (4), a drum wall of
0.05-inch~thick molybdenum was assumed, which is possibly a good material because
of 1ts high heat conductivity and strength at high temperatures and its resist-
ance to corrosion by possible liquid-metal working fluids. The belt was assumed
to be 0.0l-inch~thick beryllium. Beryllium was chosen because of its high spe-
cific heat, which is desirable in a belt radiator. The properties assumed for

iz



molybdenum were k = 84.5 Btu/ ft) (hr)(°R), p = 636 1b/cu ft, and c = 0.065
Btu/(1b) (°R). For beryllium, = 80 Btu/(ft)(hr)(°R), p = 112 1o/cu ft, and
c = 0.5 Btu/ 1b) (°R). These values are for room temperatures.

Local temperature. - The time history of the temperature through the drum
wall and the belt thickness 1in terms of the temperature parameter
(T - T,)/(T, - Tp) is shown for H = 10,000 Btu/(sq ft)(hr)(°R) in figure 4.
This value of H was chosen because it shows a significant variation in the drum
wall temperature with time. (The heat-transfer solution of ref. 5 does not give
this variation and hence does not give the belt temperature as accurately.) For
lower values of H, the variation of the temperature parameter through the drum
wall and the belt is less. An H of o would eliminate the temperature drop
across the contact. Even for the relatively high H = 10,000 Btu/(sq ft)(hr) (QRL
the temperature drop across the contact is much larger than the drop in the wall
or the belt thickness (see fig. 4).

For calculation of the curves in figure 4, the initial temperature distri-
bution used to obtain the coefficlents C, and F, was a uniform value of T,
throughout the belt thickness and a uniform value of Ty tGthroughout the drum
wall. The assumption for the temperature through the belt is valid for all
cases. The assumption for the temperature through the drum is always good for
the filrst cyecle. As an elemental segment of the drum wall is cycled, that is,
contacted with a new cool elemental belt length, the wall segment may not have
returned to the uniform temperature value of T (i.e., (T - TZ)/(TW - TZ) = 1)).
(See curve for t, = 0.02 sec (fig. 4).) However, the average belt temperature
after contact is not very signiflcantly affected for the range of initial condi-
tions obtained during practical operation.

Temperature after contact. - The average temperature after contact is of
interest for determining the optimum contact time. The heat the belt takes away
from the drum is a function of the difference between the average temperature
after contact Tl and the average temperature before contact Ts. The average

S
temperature through the belt thickness is defined as Tav = 5 1 J/. T dx.
- s

The value of this integral after the total contact time t, 1s defined as Ty.

An expression for T, 1in parametric form as a function of total contact time is

[e2]

Ty - Ty . -(Wb) Y‘tc sin (M) (8 - s) (5)
T, - To n® (mb) (s - 8)
n=1

(See appendix A for derivation.)

In the solution of equation (5), no more than five terms of the series were
necessary. The belt high-temperature parameter (Ty - Tp)/(T, - Tg) is shown in
figure 5 for several values of H as a function of t.,. With increasing values
of t, (obtained by slowing belt speed or increasing the drum circumference) Ty
approaches Ty. For any fixed +t., T7 increases as H i1ncreases. For example,
at t, = 0.1 second, the value of (T - Tp)/(Ty, - Tp) ranges from nearly 1.0 for

13




H=ow to 0.07 for H = 125 Btu/(sq ft)(hr)(°R). The effect of cycling on ini-
tial conditions and (T] - TZ)/(TW - Ty) is discussed in appendix B.

Simple Approximation of Drum to Belt Heat Transfer

Obtaining values of (T - Tp)/(T, - Tp) from the series solution (eq. (5))
is rather involved. A simple approximation can be cobtained, however, if it is
assumed that the heat flows into the belt through a pure resistance from the in-
ner drum wall surface and the center of the belt thickness 1r' given by

rt = (? + 2 4 _P_>3soo (sq _£t)(sec) (°R) (6)

E ok 2 Btu

The driving temperature difference across this resistance 1s T - Tav where
Tav is the average belt temperature at any time. The heat capacity per square
foot of the belt is pbbcp. Thus

t,
ST, -T
W av =
/ = _/ ppbey AT, (7)
0 T,

Rearranging equation (7) and integrating give

tc
T - T ey
W 1 ripy be
e b LI (8)
w2

Subtracting both sides of equation (8) from unity gives

tC
Ty - T “r'o b
._}_._zz.l_erpbcb (9)
TW - TZ

This simple approximation (eq. (9)) is shown to compare favorably with the series
solution for about H < 10,000 Btu/(sq £t) (hr) (°R) in figure 6. Hence, equa-
tion (9) can be used in parametric studies or analyses provided that the value

of H is not greater than about 10,000 Btu/(sq ft)(hr)(°R).

Belt Heat-Rate Capacity

The rate at which the belt takes heat away from the drum is the product of
cps T1 - Tp, end the welght flow of the belt leaving (or arriving at) the drum,
vhich 1s NVBppb. This must also equal the heat radiated from the belt gq.
Letting 71 = Tz/Tl gives

q = NVBcbprl(l - 7)b (10)
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where N 1is the number of loops in the belt (see fig. 3). Multiloop belts lower
the belt speed. If all parameters except V and N are held constant in equa-
tion (10), then V ~ 1/N. However, there is a practical limit to the number of
loops due to the view factor and mechanical considerations. The relation be-
tween speed and geometry will be discussed in the section Speed and Geometry.

Belt Heat Radiation

In this analysis, a combined emissivity and view factor € will be used,
which is defined as

=1 1
€=z (vee) + 5 (vpe)

out in

where the subscripts out and in refer to the two sides of the belt. Thus, the
heat radiated from the belt is

q = 2veT 1B (11)
where
TZ
4
T4=_1./ T 4L (12)
L .
Tl

The derivation of T4 from reference 3 is given as follows: For a unit
area of the belt in the free-space part of the circuit, the heat radiated equals
the loss in stored heat, or

— 4 _
2veT” dt = - p be dT (13)
Since dt = (dL/V), then letting A = ZVE/cprbb results in
T2

L/N
/ oL = - 9?-4] (14)
b artlT
Integrating equation (14) yields
N 1 1
LN (11 (15)
5A.< 3 3)
Tz T3

Substituting equations (14) and (15) into equation (12) and integrating from

Tl to T2 give

(18)
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Equation (16) together with equation (11) can be used to determine the belt area
required for a given heat rejection.

WEIGHT ANALYSIS

It is desirable to calculate and minimize the drum plus the belt weight per
heat-rejection rate w%/q. Consider the case of a fixed value of r. The
transfer of heat from the drum to the belt can be handled by (1) making the drum
large to give many square feet of contact area or (2) making the difference be-
tween T; and the vapor temperature T, large. Using a large drum results in
a high drum weight but a low belt weight. A large temperature difference gives
a small, light drum but requires a large area for the radiation process, which
makes the belt heavy. A compromise between the two ways of handling this heat
transfer gives the lightest heat-rejection system. To minimize the total weight
of the belt radiator system mathematically, it is necessary to develop an ana-
lytical relation for the total weight of the system.

Welght Relations
Belt weight. - The weight of the belt 1w, 1is
W, = PpbIB (17)

Substituting for IB by means of equations (11) and (16) gives

L.

€ 6VT§(1 - T)

i
a

Equation (18) should be used when the belt thickness b 1s fixed. It can
be seen from equation (18) that b should be small to make the value of w/q
small. If all parameters except T are fixed in equation (18), v = 1 gives the
lowest possible wy; however, equation (10) shows that as 7 = 1 with all pa-
rameters except NVB fixed NVB - «». Thus, some value of 1 < 1 must be used.

Another expression can be obtained for 1w, by considering NVB fixed and
b variable. Substituting for b from equation (10) into equation (18) gives

3% -1
___a T

- (19)
a 6vENVBch§ (1 - 7)2

which for constant q, NVB, and Tl gives Topt = 0.69 (a result presented in
ref. 3). A belt weight minimization based on a fixed belt aspect ratio L/B

was derived in reference 4.
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Drum welght. - A drum weight parameter B, will be used that 1s defined as
the welght of the drum and its accessories (rollers, drive mechanism, and mete-
oroid shield) divided by the contact area. For simplicity in the minimization of
the drum-belt radiator-system weight, B was assumed to be independent of total
contact area. Actually, the drum welght parameter will not be entirely inde-
pendent of drum size. For example, the meteorold shield welght varies as the
1.3 power of the drum area to give the same probability of no puncture for dif-
ferent size areas. However, for the range of variation of drum area for a given
minimization calculation, 1t should be acceptable to assume that B 1s constant.
As a result of this assumption in the weight minimization, the precise minimum
is not obtained; however, the effect of different values of 3 on total system
welght is analyzed.

The weight of the drum wg is then the contact area (assumed to be GnBD)
multiplied by B.

Wq = BG7BD (20)

where G = contact area/nBD_ For simplicity the approximate heat-transfer solu-
tion (eq. (8)) will be used to obtain D. To include h in equation (8), r
(eq. (1)) will be substituted for r' (eq. (6)), and, correspondingly, the
turbine-exit temperature T, will be substituted for Ty. Then substituting
nGD/NV for t, and solving for D give

NVrp, be T -T
D=__Db Dy "2 (21)
G Te - Tl

Except where noted, G = 1.0 will be assumed for simplicity.

The use of the approximate heat-transfer solution (eq. (8)) produces re-
sults that differ somewhat from the series solution for H = «; however, for
H = o, the drum weight i1s a small part of the drum-belt-system welght. TFor cases
of low H, where the drum weight is large relative to the belt weight, the ap-
proximate solution is accurate. In general, for a 0.05-inch-thick molybdenum
drum wall and 0.0l-inch-thick beryllium belt, the simple approximate heat-
transfer solution overestimates t, for (T7 - T)/(Ty - T2) < 0.8 and under
estimates t, for (T - T5)/(Ty - Tg) > 0.8 (fig. 6). The error in drum size
(or drum weight) is directly proportional to the error in t,, which can be
determined from figure 6. Substituting B from equation (10) and D from
equation (21) into equation (20) and letting T,/T; = u yield

fa. B rugyfu-g (22)
a (T - 1) Te u-1

Weight Minimization

The total welght of the heat-rejection system is
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W o= Wy + Wy (23)

where wg 1s obtained from equation (22), and equation (17) or (18) can be used
to determine w, depending on whether b or NVB is considered variable. If

b 1s considered constant, substituting these expressions for wg and w, into
equation (23) with T, = Te/u and dividing by q give

zt_zgli( u )ln(u-*r)+%(pbb)u4 (:1.3.1> (24)

e T, \l1-7 u - 1 = vTi (1 - 1)

T
where from equation (10) q/NVB = cbpbb(l - T) Tfu When q/NVB is constant,

S L =

1 -7 u -1 6VZ NVB CbTi (l - T)Z

where b = ugq/NVBeyTe(l - t)p, from equation (10). The choice of equation (24)
or (25) for minimizing the system weight depends on whether a minimum value of
b or some value of NVB/q is the- 11miting parameter.

Both the individual and combined drum and belt weights are dependent on the
temperature ratios T and u as can be seen in equations (24) and (25). For
equation (25) the partial derivatives of wi/q with respect to © and u can
be set equal to zero simultaneously to obtain a minimum value of Wf/q; however,
for a fixed value of b (eq. (24)) it is impossible to set the two partial de-
rivatives equal to zero simultaneously.

The case for fixed b (eq. (24)) will be used in the analysis herein. The
parameters considered constant are pbb/E} B, rs and T.. Note that the maximum
belt temperature, T, which was considered a constant in the previous section is
now a variable. A minimum wk/q for the latter case can be obtained for a con-

Wi . .
stant T Dby setting O T ou = 0 (eq. (24)). Setting this partial derivative

equal to zero and rearranging give

u(l ~ 1) - ln.(u - T)

¢ = PpP _u-~-1)uw-1) u - 1 (26)
SrBVETg 5 <j% - )
T

Figure 7 shows the relations among &, u, and 7, which give the minimum
w%/q for 7 fixed and u wvariable. If both 7 and u are variable, then
the lowest value of Wt/q oceurs as 1T — 1.0, although the partial derivative
of wt/q with respect to 7 as 7 - 1.0 1s not zero. As previously indicated,
however, 7 = 1.0 1s a physlcally impossible value.
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Effect of Variables

The effect of different values of the drum-belt-system design parameter on
the system weight will now be discussed. The results will be first presented as
wt/q and, in the section APPLICATION TO POWERPIANT, as radiator welght per kilo-
watt of electrical output for an assumed powerplant cycle. Finally, the effect
of the strongest parameters on the welght of 11lustrative turboelectric space

powerplants is shown by using some simple spproximstions.

In determining the effect of H, h, the belt cycle temperature ratio T,
and Tg on the radiator weight, the following assumptlons were made:
€ ' ds to a beryllium
(1) b/e = 0.1038 pound per square_foot, which correspon
belt 0.0lpgnch thick with € = 0.9 (or € = 0.45 with a 0.005-1inch thickness).
For materials with densities near that of steel, the thicknesses would be 0.0022

and 0.0011 inch.

(2) B = 16 1b/sq £t (appendix C).

(3) u = value that glves the minimum weight (fig. 7).
(4) In the determination of r, a belt 0.0l-inch-thick beryllium and a drum

wall of 0.05-inch-thick molybdenum were assumed. This gives a value of 18,400
1

Btu/(sq £t)(hr) (°R) for ﬁL + E%;b = K- The welght results for a belt of
4

0.005~1inch~thick beryilium or for belts made of different materials would be
negligibly different for the same value of pbb/€.

Turbine-exit temperature. - The variation of wi/q with turbine-exit tem-

perature (radiator-inlet vapor temperature) To, as seen in figure 8, is strong.
This would be expected because of the T  radistion-rate relation; however, the
total belt-system welght does not vary as T;4. This is shown in figure 9,
which is a comparison of =& T;4 curve with a few of the 71 = 0.9 curves from
figure 8. 1In figure 9, w./q 1s approximately proportional to T;z for

H = 125 Btu/(sq £t)(hr)(°R) and to T35 for H = w.

Contact conductance. - Figure 8 also shows that H has a large effect on
w/q.  For example, in the higher tempersture range in this figure, the weight
for H = 125 Btu/(sq ft)(hr)(°R) is more than 10 times that for H = w. Thus,
from a weight polint of view, high values of H are very desirable; however,
high values of H are normally assoclated with high values of contact pressure
Po- For example, in a vacuum of 10~% millimeter of mercury, for one magnesium
to magnesium and several aluminum to aluminum contacts with surface finishes
ranging from 6 to 45 microinches, conductances were found to range from 15 to 35

Btu/(sq £t)(hr)(°R) for a contact pressure of 2% 1b/sq in. and 55 to

125 Btu/(sq £t) (br)(°R) at 35 1b/sq in. (ref. 8). For an aluminum contact to
uranium dioxide contact at 250° C with a 10-microinch finish, conductances of




1600 and 3500 Btu/(sq £t ) (hr) (°R) were obtained at contact pressures of 100 and
200 1b/sq in., respectively (ref. 9).

It 1s doubtful, however, that high contact pressures could be used in a belt
radiator system without excessive weight penalties. To obtaln good contact con-
ductance without extremely high contact pressure, a thin film of liquild metal
could be used between the surfaces. (Ref. 7 reports the use of liquid metal be-
tween surfaces to increase conmtact conductance.) This method could be applied
to the belt radlator system by using liquid metals that have a very low evapora-
tion rate at operating belt temperatures. The low evaporation rate 1s necessary
to minimize evaporation losses in the vacuum of space. Possible metals, which
might be used in this respect over a wide range of temperatures, are melted tin
and gallium. The 1lqulid fllwm must be at least as thick as the sum of the rough-
ness of the two contacting surfaces. The liquid metal used must also have the
abllity to wet the surfaces but not amalgamate with them or have other harmful

effects.

If a wetting f1lm of liquid tin 0.0002 inch thick (to cover a combined
roughness of 200 microinches) were maintained on both contacting surfaces (the
drum surface and one side of the belt), H would be about 2,000,000
Btu/(sq £t)(hr)(°R). A conductivity of 33.9 Btu/(ft)(hr)(°R) was used for tin.
The evaporation loss of tin, which melts at 910° R, would be 4x1076 inch per
year at 1480° R, 4x10™% 4inch per year at 1680° R, and 0.04 inch per year at
1920° R (ref. 10). A loss of 0.04 inch per year (corresponding to more than
10 times the welght of a 0.0l-inch-thick beryllium belt) would be prohibitive,
but a loss of 4x10™% inch per year or less would probably be tolerable. For an
open-loop system, such as in figure 3, there 1s a penalty for coating one side
of the belt with tin. Ordinarily, radiation would be expected from both sides
of an open loop of the belt, but 1f one side of the belt were tinned, that side
would radiate very 1ittle. Thus, the average emissivity e of the belt would
be cut nearly in half. The welght penalty of this will be discussed in the
section Effect of Design Variebles. If a liquid metal coating is used on the
belt, it 1s important that it be kept on the inside of the belt loops for a
closed-loop system (figs. 3(b) and (c)). This would not be possible with the
configuration of reference 5 (fig. 2(b)) since the outside surface of the loops
contact the drum; however, the alternate method of flgure 2(c) could be used.

The contact conductance also exerts a large effect on the ratio of drum
welght to belt weilght. This 1s shown In figure 10 for the minimum weight value
of u. The weight of the drum relative to the belt decreases with increasing H

and increases with increasing T..

Belt cycle temperature ratio. - The effect of the belt cycle temperature
ratio 7 on radlator weight 1s minor compared to the effect of H, as also
shown in figure 8. For values of 1 from the physically impossible value of
1.0 (infinite belt speed) down to a value of 0.69, its largest effect on wg/q
occurs at low temperatures for high values of H.

Condensing coefficient. - The effect of h on radiator-system weight is
shown in figure 11 for h = 10,000, 100,000, and 1,000,000 Btu/(sq ft) (hr)(°R).
In this figure, the difference between curves for h = o and h = 1,000,000
Btu/(sq ft)(hr) (°R) are imperceptible. Notice the effect of h on the value
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of wt/q depends on the value of H. For values of h less than 100,000 Btu/

(sq ft) (hr) (°R), the effect of h on wi/q becomes very large for high values
of H.

Although some data with mercury and sodium vapors indicate that condensing
heat-transfer coefficients of the order of 100,000 Btu/(sq ft) (hr) (°R) or bet-
ter can be obtained with static systems (ref. 11), experimentation with drum
configurations will be necessary to establish the h levels for these systems.
In any event, it is clear from figure 10 that high values of both H and h
are required for low weight.

To avoid restricting future figures to a particular condensing coefficient,
a coefflcient called Hy,, which Includes h, will be used instead of H where

=l

~+

B

(27)

L
By

Temperature ratio (u). - In the previous calculations, values of u were
used that corresponded to minimum weight for fixed values of T and the design
parameter & (eq. (26)). For practical reasons, however, it may be desirable to
use other than the minimum welght velue of w. For example, in some cases, it
may be desirable to design for very small belt size, or the drum size correspond-
ing to minimum weight may be Impractically small. Since, in general, belt size
increases with u and drum size decreases with u, adjustment of component size
can be obtained by varying u.

Plots of the variastion of W£/q with u are shown in figure 12 for an 1in-
let vapor temperature of 1210° R and T = 0.9. The effect is similar for other
temperatures as I1ndicated in figure 13, although the minimum range 1s flatter
for higher temperatures. There is, therefore, an appreciable range in u for
which drum size can be traded for belt size without excesslve welght penalty.

SYSTEM GEOMETRY AND OPERATTON
This section contains a discussion of belt system geometry, belt speed,
contact time, revolving stress, belt temperature ratio, and the relations that
exist between these parameters.
Speed and Geometry

The belt speed is Independent of the drum area but depends on the drum
length, as can be seen from a rearrangement of equation (10) where Te/u_= Tl

V = . au
NBcbpréb(i -T)

Belt speed can be set according to the system mechanlcal considerations such as
belt stress, flexing cycles, and drive limitations. The setting of the belt
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speed determines the geometry of the system; however, there are practical limits
of geometry, which in turn may limit the possible speed range.

Relations for the belt and drum geometry as related to belt speed and heat-
rejection rate can be obtained from equations (10), (11), and (21). From equa-
tions (10) end (21) and by substituting T./u = T; and 1 = Tp/Ty

2
v2N2(pbbcb) rT (1 - 7) . (u _ ) (28)
gnGu u - 1

wWig

and from equations (10) and (11)
2
L_ 7N 1 [pbbche(l - T):I

B a7 o (29)
and, expanding T4 according to equation (16)
2 -3 2
- -1
L _ VZNZ (pbbcb) (1 - 7)(t Yu (30)

oo

q 6V€T§

It can be seen, therefore, that for a given set of design parameters. The belt
and drum geometry will be determined principally by the belt speed and the number
of belt loops, or in some cases where geometry is of prime Importance, it will
set the speed. Calculated variations of the ratios I/B and D/B with VZ/q
are shown in figure 14 for two values of H, and T_,. The calculations were
made for N =2 and 1 = 0.89. The D/B ratio 1s very sensitlve to the value
of Hy,, but the value of L/B 1s more dependent on turbine-exit temperature.

For a fixed speed, the D/B and L/B ratios decrease as q 1ncreases.
This may give impractlically small D/B ratlos for a large g, but several drums
could be used to meke the D/B ratio of each individual drum more practical.

Speed and Revolving Stress

Tensile stress. = For a revolving belt, the approximate tenslle stress st s
roller due to centrifugal acceleration can be derived as follows: The angular
velocity of the revolving belt is 2V/D, which makes the centrifugal accelera-
tion at a distance y from the drum spproximately (2V/D)2 y (see sketch (d)).

T PN y dy

C — = )l
«——— L/2N —4
()

2z

s



Thus, the tensile stress contribution of an elemental length of belt dy 1n
lb/sq in. 1s approximately

Bb 2
o= 1 (1)F™ zz) y ay
144 \Bb/\ g D
Integration of this expression from y =0 to y = I/2N gives
o) 2
o= 2 | D)V (31)
144 \ 2g/\ND

or substituting for L and D from equations (28) and (30), respectively,

2
oo L1 (‘_’EXK)Z (e - 1) (32)

144 \28/\N/ | r6vers 1n (___u = ”‘)

u - 1

Variations of belt stress with belt speed are shown in figure 15. The con-
ditions are necessarily different from those of figure 14, which used an
€ = 0.9 (implied from pbb/E = 0,1038 lb/sq £t with b = 0.0l-inch-thick beryl-
1ium), since for a revolving system with closed loops, the view factor for the
inside of the loop would be nearly zero. Consequently, a value of € = 0.45
was used in figure 15.

The stresses shown in figure 15 are prohibitively high for high values of V
and Hy. (High values of H, correspond to low values of r in eq. (32)).
At a given V, high values of Hy produce a high stress because the low resist-
ance 1 results in a small drum diameter D (eq. (21)), which in turn gives a
high angular velocity 2V/D and, hence, a high centrifugal force. TFor a given
belt thickness, the use of very low belt speeds to reduce stresses, however, will
result in very small ratios of D/B (eq. (28)). Thus, physically impossible or
impractical drum geometries (with very small diameters and very long lengths) may
result. Belt speed can be reduced without large changes in D/B if b 1is in-
creased with B fixed; however, this will result in a larger minimum weight.

For a fixed V, the o could be reduced by increasing N (eq. (32)). TIf
B 1s held constant as N 1s increased, the required velocity will also drop
(eq. (10)). Thus, for a fixed B, a four-loop system should have 1/16 the
stress of the two-loop system i1f the values of € and G are the same.

According to equation (32), ¢ 1s also a very sensitive function of u as
shown In figure 16. Thus, reduced stress for a given belt speed can be obtained
by designing for values of u less than the minimum welght value of uw as
given by figure 7. Attendant variations in system welght (figs. 12 and 13) and
geometry, however, will occur. In general, for s given allowable percentage Iin-
crease in welght, the margin for stress reduction decreases as Hy, 1increases.
In this respect, higher belt temperatures will allow a larger margin for u and
stress reduction without welght penslties (fig. 13) but will also decrease the
belt material strength.
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Equation (32) can also be used to provide an insight into a deéirable mate-
rial for the revolving belt. First, assume r remains constant despite changes
in b and k,. This is essentially true for low values of Hh, and, with a
drum wall resistance equivalent to 0.05-inch molybdenum, the contribution of the
belt to the overall resistance is small even for high values of Hp. With the
assumption of constant 1, belts of different materials but the same weight per
square foot ppb will have the same &, u, and Wt/q for fixed <t and other
design conditions. Thus from equation (32) ¢ for the different materials would

vary as prZ. From equation (10) with ppb constant and with ¢y, and V the
only variables, V ~ c’l, which makes o ~ pb/c%. Thus a figure of merit for a

belt material can be expressed as

2
o ¢/
M= 2a~g, D (33)
o Pb

The material with the highest figure of merit would have the highest ca/c for
a glven value of p..b. In an actual design setting ca/c = 1.0 and determining
ppP, the material with the highest figure of merit would result in the lowest
value of pbb and hence the lightest belt system.

Examination of possible belt materials for use under 1700° R, such as be-
ryllium, Waspalloy, niobium- l-percent zirconium, stainless steel, and molybde-
num - TZM, reveals berylllum to be best according to the criterion of equa-
tion (33) based on 10,000-hour creep rupture strength. A composite belt composed
of a thin molybdenum outer layer on a beryllium interior layer produces a sub-
stantially higher figure of merit than a belt of beryllium alone. Other consid-
erations, however, such as thermal fatigue, ductility, bending stress, and so
forth, will certainly influence the cholce of belt material for revolving-belt

systems.

Stress determined minimum weight. - It is possible to design a minimum
welght system for a given allowable tensile stress value oy 1f either drum B
or D 1s fixed with b wvarlable. Consldering first the fixed value of B,
substituting for V in equation (32) from equation (10) with Ty = Te/u, and
then solving for b with o5 substituted for ¢ result in

qnG u4(7—5 -1) | (34)

1
72~/Z8py,0, rBe vels N2(1 - 7) In (u - ;)
-

b

Still considering B constant and substituting for b in equation (24) give

W, 8 -3 2

_§=E‘_<u>m<l-7+l fp QnG u ‘<¢ - 1)

e T, \l-- u - 1 432y 2go, NZrB(v572Tzcb 1n (u - i) -1/
1 -

(35)
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Substituting wg from equation (20) into equation (22), then solving for B,

and finally substituting for B in equation (35) give the following equation
for the fixed value of D:

W_t= Br u 1in (u - 'r) 1 p (Gn 2 B D;1_7_(T'_3_7-, 71)2
q T, (1 -7) u-1 432 Y 280, \rWve . T7(l Y S 2
b~e (u - l>
(36)
and for this case
11 Gr\> Du® (<=2 _ 1)
b=__.____(_ﬂ) I . (37)
72 1/5;5;5; rR

C'bV-éTz [ln (u - T>]2
u - 1
The partials with respect to 7 and u of the right-hand sides of equa-

tions (35) and (36) can be set equal to zero simultaneously giving minimum

weight values of u and 7. Equation (36) will be used later to obtaln examples
of revolving-belt systems.

Contact pressure. - For revolving-~belt systems, the belt tension will also
produce a contact pressure on the drum given by

_ 2b
Pe =3 °
or from equations (21) and (32)
3 2
N ~ Gm g?(r S l) (38)
Pe T 1448y | Ny 1n (B = T EveETO
u - 1 e

Plots of contact pressure are shown in figure 17. These contact pressures were
computed for the same conditions as for figure 15. Revolving-belt systems are

therefore seen to be inherently capable of generating a contact pressure, which
should aid in the achlevement of higher contact conductances. In general, how-
ever, Tor allowable belt tensile stresses, the conbtact pressure is quite low.

Speed and Contact Time

Figure 18(a) presents a plot of the belt speed parameter NVB/q obtained
from equation (10) as a function of 1 for the same values of H, and Te
in figures 14, 15, and 17. The speed parameter is governed primarily by T and
approaches o as 1 approaches 1. At any value of 1, the greatest variation
in NVB/q is about a factor of two for the range of T, and H,  shown.

used
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The variation of % with T presented in figure 18(b) was obtained from
equation (18) with T_, substituted for T, and r for r'. The belt contact
time approaches zero as <t approaches 1.0 and, as would be expected, is highly
dependent on the magnitude of the combined coefficient Hy,. For the values of
E[h shown, tc varles by more than a factor of 10. High heat-transfer coeffi-
cient systems required for light welght will, therefore, have very short belt
contact times.

APPLICATION TO POWERPLANT
Radiator-System Welght Based on Electrical Output

In previous presentations, radiator-system weight was expressed in terms of
the required waste heat rejection gq. For appllcation to electric powerplant
systems, however, 1t 1s generally more convenient to express welght in terms of
powerplant electrical output in kilowatts. This section will, therefore, discuss
radiator-system weight on a power output basis. For the total powerplant, spe-
cific weight in pounds per kilowatt will be designated by «, and the primary
radiator-system specific weight will be designated by at.

Powerplant cycle assumptions. - To base the radistor-system weight on elec-
tric output, it is necessary to make assumptions concerning the powerplant cycle.
Figure 19 shows a block diagram of a Rankine vapor powerplant cycle. The assump-
tions made about this cycle pertinent to the present study are the following:

(1) A1l the heat entering the turbine and not converted to turbine output
power is rejected by the primary radiator system. Hence, the rejected heat is

T\| B¢ Btu
a=11-ng\l - TI 1060 sec (39)

where @ is the reactor power in watts.

(2) The useful electrical power output is a constant fraction ng of the
Carnot efficiency times the reactor power. Thus, the useful power is

Pe = Mg\* - T, /1000 W a

where 17y 1is the product of the system component efficiencies

TR = MRNFNIANT (40b)

Dividing equation (40a) by equation (39) and substituting the product of

the component efficiencies for ng glve the output power per unit of heat re-
Jected by the radiator:
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The primary radiator-system specific weight a' 1is then obtained from equa-
tion (38) or (24) and equation (41):

_W We\ [(Fe
<ok = (e2)

The values for the turbine-inlet temperature and the component efficiencies used
in equation (41) are those given in reference 1 for the so-called conventional
systems

Turbine~inlet temperature, Ty, OR v 4 v e 4 e e e e v s e e e o« s e« .+ s 2310
Turbine efficlency, Mp .« » « + o « ¢ v o o v o o v o e v ot e e e r s .. 0. 77
Alternator efficiency, My « « + « + & ¢ o v o o v e v e e e e e e 0. 90
Power-conditioning efficiency, Mg =« v = » + o » = o = « « « o o o« o« o 0,97
Net power output factor, My « « « o « v v o o« v v o v v v v v v e e 0. 86
Boiler loop efficiency, Mp v = + « « ¢ v ¢ o v o = o v o v s o v v o o - 0. 97

In this report the aforementioned values are referred to as the "reference con-
ditions", and they are used in the "reference" systems.

Effect of design variables. - Figure 20 presents for a rotating-drum system
the variation of ' with Tg for several values of Hp for the reference
conditions given previously. Both the range of T, for low weight and the
specific value of Tg at which o' minimizes decrease with decrea51ng Hype A
radiator for which spec1f1c weight varied directly with T“ would minimize at
about 1800° R for the same powerplant assumptions. A shlft of the minimum a!
toward this temperature is evident for high values of H,. For the inputs and
assumptions used, it is also seen that relatively low values of o' are possi-
ble if high contact and condensing coefficients can be obtained.

The parameter pbb/E is the weight of the belt per square foot of area
(one side) divided by the combined view factor and emissivity of both sides of
the belt. The belt weight per square foot of effective blackbody radiating area
is (1/2)(ppb/€). The value of 0.1038 1b/sq £t used for this parameter on pre-
vious figures corresponds to a beryllium belt 0.0l-inch thick with € = 0.9 or
0.005-inch thick with € = 0.45. For materials with densities near that of
steel, the thicknesses would be 0.0022 and 0.0011l inch. ZFigure 21 shows that
even tripling this value of pbb/_ willl still permit small values of a' at
high values of Hp. The effect of variation of pbb/_ on the magnitude of o'
is most pronounced for low values of Hy, and at low values of T,. There 1s
also a tendency for the minimum o' +to shift slightly to higher temperatures as
pbb/E is increased.

Figure 22 shows that the variation of o' with the drum weight parameter
B (weight of the drum and its accessories per sq ft of contact area) is highly
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dependent on the value of Hyp. The value of B 1s dependent on drum design,
drum size (which is a function of both power level and Hp), and the amount of
meteoroid shielding that is needed. The value of B = 16 lb/sq ft used in pre-
vious figures is discussed in appendix C. Changing S from 16 to 32 lb/sq Tt
changes o' less than 0.1 pound per kilowatt for Hp = 1,000,000 Btu/(sq ft)
(hr) (°R). However, the effect of B on radiator-system weight becomes more
bronounced as Hy 1is reduced, since wg Dbecomes a larger fraction of the total
weight as Hp 1s reduced. The effect of B 1s fairly independent of the value

of Te.

If the change in B 1is brought about by a change in the drum wall thick-
ness s, there is an additional effect on weight that should be considered, since
a change in s also changes the thermal resistance r. Variations in s are
most noticeable at Hp = 1,000,000 Btu/(sq £t)(hr)(°R) where r is determined
mainly by s. For example, doubling s for Hy = 1,000,000 Btu/(sq ft)(hr)(°R)
has nearly the same effect as doubling B in figure 22. In general, the effect
of doubling s on o' is not very significant at any value of Hy.

Effect of powerplant cycle assumptions. - Figure 23 shows the effect of the
powerplant cycle assumptions on the radiator-specific weight o' for several
values of Hp. The solid curves are for the reference system previously dis-
cussed in figures 20 to 22. The dashed curve shows the effect of increasing the
component efficiencies: np from 0.77 to 0.85, 1y from 0.90 to 0.85, and Tp
from 0.86 to 0.90. The increased component efficiencies reduce the radiator
specific weight at all turbine-exit temperatures but with a more pronounced ef-
fect at the lower turbine-exit temperatures. The temperature for minimum ot
is slightly reduced.

The dash-dot curves show the additional effect of increasing the turbine-
inlet temperature from 2310° to 2560° R. The efficiencies and temperatures for
this curve correspond to the advanced system of reference 1. The increase in
turbine-inlet temperature also reduces the of, particularly, at the higher oper-
ating temperatures. There is also a shift of the temperature for minimum o?
to a higher turbine-exit temperature.

The effects noted previously are most pronounced at the lower values of
contact conductances in terms of both absolute changes and percentage changes.

Comparison of Tubular and Belt Radiators

For the S-megawatt powerplant of reference 1 with "conventional component
efficliencies and turbine-inlet temperatures, the fluid-filled fin-tube radiator
has an o' of 4.6 pounds per kilowatt. Figures 20 to 22 indicate that if high
contact and condensing coefficients can be obtained, belt radiator systems with
an o' of gbout 1 pound per kilowatt may be attainable. Thus, the potential for
a considerable reduction in weight exists for powerplants using a belt radiator
system. However, much of the weight of a fin-tube radiator is armor for meteor-
oid protection. The fin~tube radiator of reference 1 has a probability of no
puncture by meteoroids of 0.9. A reduction in the protection requirement for
the fin-tube radiator, by a reduction in the severity of the meteoroid environ-
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ment for example, will tend to reduce the weight difference between the two radi-
ator types.

Incorporation of Belt Radiator System
into Powerplant

Up until now, the discussion has considered the weight variation of the
radiator system only. As an illustrative example, the radiator system will now
be incorporated in a powerplant, and the effect of the belt radiator system on
the powerplant weight will be investigated over a range of turbine-exit temperas-
tures.

Powerplant specific weight. -~ The powerplant component weights are based on
the 5-megawatt Rankine cycle powerplant of reference 1, which has a fluid-filled
tubular radiator. The component weights are listed in table I and grouped ac~
cording to how they are treated in the present study. The first grouping is
called fixed weights. In the present example, the reactor thermal power is held
constant at 30 megawatts; correspondingly, the weight of the reactor and asso-
ciated components is held constant. Because varying Te will cause the elec-
trical power output to vary, the specific welght of these components will also
vary. The second grouping is called variable weights. These welghts are assumed
to be directly proportional to the electrical power output; hence, although their
actual weight varies, their specific weight is constant at 4.04 pounds per kilo-
watt. The third grouping consists of the items that are replaced by the drum-
belt radiator system, that is, the condensers and the primary fluid-filled radi-
ators. The fourth group is composed of items that have been omitted from con-
sideration. Much of the structural weight of the fluid-~filled tubular radiator
is required to support the radiator during boost from the Earth's surface, Be-
cause the belt radiator can be conveniently "rolled up", the structural weight
may be considerably less. A powerplant using a belt for the primary radiator
m2y still need a secondary radiator system. No analysis has been made of the
advantage of using a belt to replace the secondary fluid-filled radiator. The
weight of the secondary radiator, however, is comparable to that of the primary
radiator in the example given, and a secondary belt system should yield sub-
stantial savings in weight.

The specific powerplant weight o considered in the following discussion is
the sum of the specific weights of the reactor and assoclated components, the
turboaltermators and power conditioning equipment, and the radliator system,
divided by the net electrical power output.

Figure 24 shows the variation of a with T for several values of Hy
and B for a reference and an advanced powerplant using the same 30-megawatt
thermal output reactor. The absolute component weights are assumed the same for
both systems. There is, however, a decrease in specific weight in the components
of the advanced system because of the power increase caused by the increase in
turbine~inlet temperature and component efficiencies. A complete listing of the
turbine-inlet temperatures and component efficiencies for both systems is given
in figure 23. If an Hp of the order of 1250 Btu/(sq ft)(hr)(°R) or better can
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be obtained, the weight of the belt radiator system for the inputs used becomes
a small part of the total weight at or above the turbine-exit temperature that
gives minimum o for both examples. Minimum powerplant specific weight occurs
at a Te of 1000° to 1200° R; this Te is substantially lower than 1700° R,
which is normally associated with minimum powerplant weight for a direct condens-
ing radiator with T4 = 2500° R. The lower values of Te for minimum & for
the belt radiator system are a result of the lower minimum o' for the radiator-
system weight and the relatively low ratio of radiator-system weight to total
powerplant weight. The effect of B on total powerplant weight also shown in
the figure, is similar to its effect on a' shown in figure 21. Similarly, the
effect of pyb/€ may be deduced from figure 22.

The relatively low Te at which o minimizes could raise a problem in the
choice of a working fluid in the design of & powerplant for minimum weight. For
example, at 1250° R, turbine-exhaust vapor pressures would be about 0.012 lb/
sq in. for sodium, 0.14 lb/sq in. for potassium, 0.37 lb/sq in. for rubidium,

0. 46 lb/sq in., for cesium, and 7.5 lb/sq in. for mercury. At 2500° R, however,
mercury has a vapor pressure of 5800 1b/sq in., while the others have reasonable
pressures., In addition to the pressure problems involved, considerable moisture
content (of the order of 25 percent) would result in the turbine expansion over
this temperature range. Associated specific-volume and turbine-blade-erosion
problems might be considerable. In practical designs, therefore, i1t may not be
desirable to design for the minimum weight powerplant with these radiation sys-
tems. An indication of the weight penalties involved in going to higher than
minimum weight Te can be obtained from figure 24.

The specific powerplant weight o for the reference system with a belt
radiator for B = 16 1b/sq ft, Hp = 1250 Btu/(sq ft)(hr)(°R), and Te = 1500 °R
is 7.9 pounds per kilowatt (fig. 24(a)). The corresponding value for a fluid-
filled radiator based on the estimations in reference 1 (see table I) is
12.1 pounds per kilowatt. In this case, the belt radiator offers a 35-percent
reduction in weight. Using the belt radiator in a system with advanced com-
ponent performances and for the aforementioned values of B, Hp, and T, re-
sults in an «@ of 4.9 pounds per kilowatt, a 38-percent reduction from the belt
radiator system using reference component performances. Recall that not all of
the powerplant weights are included in a (see table I), and hence all are not
included in the previous comparisons.

Radiator weight and dimensions. -~ To obtaln an indication of absolute values
of radiator-system weight and dimensions, a potassium vapor cycle with the ref-
erence conditions and a turbine-exit temperature corresponding to the conven-
tional S5-megawatt system of reference 1 was assumed. Values of h = 10,000 Btu/
(sq £t)(hr)(°R) and H = 1430 Btu/(sq ft)(hr)(°R) were assumed. To obtain high
values of .H, the belt is assumed to be tin-coated on the side contacting the
drum. Therefore, with only one side of the belt radiating, € = 0.45, and for a
belt of 0.005-inch-thick beryllium, ppb/e = 0.1038 1b/sq ft. A B of
16 lb/sq ft is believed to allow for adequate meteoroid protection.

Calculations of weight and dimensions were made according to equations (10),
(21), and (24), where it was assumed that G = 0.85, and the minimum weight value
of u was obtained from figure 7. Results of the calculations for a rotating-
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drum system are shown in table II(a).

If it is presumed that the belt can be rolled up around the drum for launch-
ing and later deployed in space, the belt system could be contained in a cylinder
25 feet long and 5 feet in diameter. Thus, a relatively compact single package
can be obtained for a belt radiator system.

For rotating-drum systems, the belt dynamic stresses (pVZ/l44 g 1b/sq in.)
are small. The largest stresses, which are developed in flexing around the rol-~
lers, can be controllied by proper sizing of the rollers. However, the inputs
for the rotating-drum system cannot be applied to a revolving-belt system because
the tensile stresses would be prohibitively high (5,260,000 lb/sq in.) if the
belt was revolved about a static drum.

To obtain an example of a revolving-belt system, equation (36) (the fixed-
drum~diameter case) was used. Figure 25 presents the minimum weight values of u
and v as functions of the design parameter

2
g = _1L P (Gn D
o 432 2g0 NvE B 3T6
a, r eC-b

The minimum weight value of < increases with increasing &g, but the minimum
weight value of u decreases. For the example systems considered, the minimum
welght values of T and u were used. The assumptions and results for a
revolving-belt system sre presented in table II(b).

The revolving-belt system is 27 percent heavier than the rotating-drum sys-
tem, and the revolving-belt system has a lower probability of no puncture by
meteoroids, 0.998 compared with 0.999. To achieve the same probability as the
rotating-drum system, the weight of the revolving-belt system would increase
about 7 percent. A two-loop (N = 2) revolving-belt system would weight about

l% times the four-loop system,

SUMMARY OF RESULTS

The following principal results were obtained from the analysis of heat-
transfer and weight characteristics of moving-belt radiator systems:

1. An eigenvalue solution for the transient heat conduction between the
drum and the belt of a moving-belt radiator system, which rejects waste heat for
a Rankine power cycle, has been developed. This solution permits the calcula-~
tion of the local temperature varlation through the drum wall and belt thickness
as a function of their thicknesses, their thermal properties, the contact con-
ductance between them, and the contact time. The average temperature through
the belt thickness after contact is also obtained, and a simple approximation to
this is shown to be sufficiently accurate for parametric studies.

2. Among the many design parameters affecting the drum-belt system (drum
weilght per square foot of contact area, belt weight per unit radiating area,
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etc. ), the contact conductance and the heat-rejection temperature (condensing
temperature) were shown to have the largest effect in determining the weight of
the system. For example, using illustrative system inputs at 1700° R, the spe-
cific weight is estimated to vary from 0.05 to 1.6 lb/(Btu/sec) for contact con-
ductances ranging from o to 50 Btu/(sq ft)(hr)(°R). At 1400° R, the range is
from 0.09 to 2.25 lb/(Btu/sec). It may be necessary to use a liquid-metal inter-
face (e.g., tin or gallium) between the drum and the belt to obtain the high
conductances needed for low system weight.

3. High condensing heat-transfer coefficients on the inner drum wall in ad-
dition to high values of contact conductance are also important for obtaining
low specific weight.

4. The variation of the drum-belt-system specific weight with heat-
rejection temperature T., for the inputs considered, was approximately propor-

tional to T;5'$ and Téz for contact conductances of o« and 125 Btu/
(sq ft)(hr)(°R), respectively.

5. The ratio of drum weight to belt weight for a weight minimized system
decreases as contact conductance increases, but this ratio increases as the heat-
rejection temperature increases.

6. For the Inputs considered, variation of the ratio of belt outlet tem-
perature to belt inlet temperature from 0.89 to the physically impossible value
of 1.0 (infinite belt speed) had little effect on the weight of the system, al-
though the required belt speed was greatly affected.

7. A revolving-belt system, especially for cases of high contact conduct-
ance, may require a much larger drum than 1s necessary for heat-transfer con-
siderations or a thicker belt than that necessary for a nonrevolving system to
keep the belt tensile stresses developed within allowable limits. In general,
it may not be possible to design for minimum system weight based on heat-transfer
requirements with a revolving belt. For a rotating-drum system, the drum can be
more readily sized to give minimum system weight.

8. Illustrative calculations of Rankine cycle powerplant systems at about
5-megawatts power showed that the specific weight of a belt-radiator powerplant
minimizes at a lower turbine~exit temperature than that of a fin-tube radiator
powerplant for the same turbine-inlet temperature. This minimum is quite flat
over a wide range of turbine-exit temperatures for high values of contact con-

ductance.

9. The weight of a belt-radiator system is estimated to be considerably
less than the weight of a comparable fin-tube radiator. A total specific weight
for a belt radiator system of less than 1 pound per kilowatt may be possible for
a Rankine cycle with a turbine-inlet temperature of 2500° R if contact conduct-
ances of several thousand Btu/(sq ft)(hr)(°R) or better can be obtained.
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CONCLUSIONS

Because the belt radiator offers promise of substantial weight savings over
a tubular radiator (due to its reduced susceptibility to damage) and also offers
a compact launch package, it appears to have a significant advantage for large
electrically powered space-propulsion systems. However, its mechanical com-
plexity and unique heat-transfer characteristics require more analytical and
experimental work plus detailed design studies before its true potential can be
established. '

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, July 5, 1963
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APPENDIX A

CONDUCTIVE HEAT-TRANSFER ANALYSIS AND ORTHOGONALITY PROOF
Conductilve Heat-Transfer Analysis

The equatlon for one-dimensionsl transient conductive heat transfer is

d2p _ 1 dr
R -

where Tz = k/pc. The problem at hand is really a simultaneous solution of two
such equations, one for the drum wall and one for the belt. A solutlon of the

aforementloned partial differential equation (Al) is T = Ce” % L sin Ax

and/or Ke~ Ny cos Ax plus some constant. Thus, it will be assumed that the
solution for the drum is of the form

-7\27245

T="T, - d° (¢* sin Agx + K* cos Agx) for 0<x<s (A2a)

while that for the belt is of a similar form

e

* *
T=T_ -e (E sin Ax' + F cos Kbx’) for 0<x'<b (A2b)

The coordinate systems are shown in sketch (e).

S AR
%% )

These coordinate systems are fixed relatlve to the drum and rotate with it.
Boundary condition 1, which is BT/Bt O at x =0, impiies K* = 0. Boundary
condition 2, which is OT/dx' =0 at x' = 0, implies E = O.

il

Subtracting T, from both sides of equations (A2a) and (A2b), substituting
S -x=x"', and rearranging the equations give
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2.2
T - Aoyt
il SN L A for 0<x< s~ (A3a)

T - Ty
2 2
T -T ) =AYt
ir———zL-= 1-e M7 F cos A(S - x) for st <x<8 (A3Db)
w - T2 - =
where
*
C=TC T
w - -2
and
F ’"F*
B Tw - TZ

From the continuity of the heat flow across the drum-belt contact,
dT > <6T
d b
k = k A4
d <5x b \3x (4)
X=3 X=s
Substituting the derivatives of equations (A3) into equation (A4) gives

e e
kge Chg cos Ngs = Kpe Fiy sin N (S - ) (A5)

Since equation (A5) must hold for any value of t, then
N =N — (a6)
T

Therefore,
'4hkd?drcos %ds
kN, sin %b(S - 8)

or using equation (A6) results in

F _
G = (A7)

T
sin Ny 4 (s -s)
o

If the conductance across the contact is H, then HAT =k <g§>
=5
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or

B () - (Ty) | = - kg eos Ngs)cTe (28)
x=5 x=8
Substituting from equations (A3) into (A8) using (A8) gives
F Tq
H [sin Ags - T cos N ?; (8 - s)] = - kgh\g cos Ags (A9)
which reduces to
tan z - w cot Bz = - Oz (A10)

by means of equation (A7) and the following identities:

_ _ K
Z=7\dS CP=HS
K7y _Ya (s
=_4a.b o =2(2_1
ky Tg Tp \S

Sketch (f) is a graphical solution to equation (A10).

Zy—a>cot gz - tan =z

A\

— -~ CPZ

or @z
A

w cot 9z - tan z

z3
(f)
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Bach Ay and corresponding N, gilves a particular simultaneous solution
to the partial differential equations. The proper combination of these particu-
lar solutions gives the solution to the problem at hand. The proper combination
is determined by the coefficients Fq, Fp, Fz, . . . and Cp, Cp, Czy o o e
These coefficients can be determined from the initial temperature distribution
through the drum wall and belt thickness if the particular solutlons are orthog-
onal either with or without isome weighting function over the interval covered by
the solution (0 < x < 8).

Only when 8 =1 and ¢ = 0 are.the A's uniformly spaced and will they
lead to a Fourier series; ¢ = 0 1if and only if H=o &and 6 =1 if and only
if rb/y (S/s) - 1. TFor any case, -however, the A's lead to a set of func-
tions that are orthogonal with respect to a welghting function over the interval
0<x<8S. It will be shown in the section Orthogonality Proof that

S
si A si A dx
/ o (\g) x stn (Ag)
0
S

L]
s |
.<
o

m
T cos (%d)

e

BB

=]

B
-

o’

s

for n % m and

The ratio F/C is known from equation (A7).
If the initial temperature distribution is known, the coefficients F, and
C, can be determined in the following manner: Rearranging equations (A3) and

indicating the summation give

0

Te = T -(7\)T
T%—:—TE = d'nid C, sin (g) x for 0<x<s~ (Al2a)
n
n=1
©0
Te - T -(%b)v
v b _ +
T p F, cos (%b) (8 - x) for s <x< 8
W 2
nh=

(A12b)
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- T
Letting t = 0 with .T_LT = T(x,0), then multiplying both sides of
w2

equation (Al2a) by sin (Ay) x dx and integrating from O to s, multiplying
m

Tu

Coy

s to S, and filnally adding the two resulting equations yileld

both sides of equation (Al2b) by P cos (7\b)m(S - x) dx sand integrating from
S S

F
T(x,0) sin (Ng) x dx + P = T(x,0) cos (N,) (8 - x) ax
m Ch m

- Z c, sin (xd)n x sin (xd)mx dx

n=1

0

+ ZFH cos (7\b)n(8 -x)| P fcjl_l cos (7\b)m(S - x) dax (A13)

n=1
s

Making use of equation (All) gives

s S
T(x,0) sin (Ag) x ax + PoB | T(x,0) cos () (S - x) ax
n Cn n
0 s
s S
= Cp sin2(7\d) x dx + Fp _Fil. P cosz(kb) (8 - x) dx (A14)
n Cp n
0 s

Performing the integration on the right, substituting (Fn/Cn) = An and

AnCn = Fn, and rearranging result in

38



S
/ T(x,0) sin (hy) x ax + A T(x,0) cos (%b)n(s - x) ax
0

]
C = — 2 m e e o s e o e E—— -
n 1|1 1 21 1 1
.(.rd)-n-[-z-(%d)ns -7 sin 2(7\d)ns]+PAn l:fo\b)n(s- s)+z sin 2(7\b)n(S - s)] TXD-;
(415)
or
S
-—l—/ T(x,0) sin (7\d) x dx +/ T(x,0) cos (7\b) (s - x) dx
Fo o= — " Ys
n

1 1
) —z
a n PAn

PA,
[(M)ns L sin 2(0g) 8| + o2t (A) (5 -s)+L sin 2(0,)_ (S
[z *mg = 200t gy Molnt® me vy ot Bl 180

(A16)

In most cases the temperatures of interest are for times when only the first
term of the series is significant. Also, the higher the contact resistance is,
the lower H is and the more insignificant the other terms become. The average

belt temperature across its thickness Tav can be determined from
Sr -
€0
2.2
To-T, -(%) vt
v n
= 1 - F e cos (M) (8 - x)] dx
T_-T, ©5-5 n M)
n=1
s » .
oo

'O\'b) Ty 2y sin (7\b)n(S - 8)

ne G E ) (m7)
n

I
e
1
o

n=1

Orthogonality Proof

For the proof of the orthogonality of the eigenfunctions of the heat-
transfer solution over the interval x =0 to x = S, the following notation
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will be used:

¥ (n)

It

f(n) =c_ sin (xd)nx for 0<x <s”

F

Vv(n) = £(n)

, cos (M) (8 - x) for st <x <8 (A18)
a <x=

The eigenfunctions are orthogonal with respect to a weighting function p(x) if

S
/ ¥ (o) (m)p(x) dx = 0

¢
for m # n (Sturm-Liouville problem)
It will be shown that
W
p(x) =1 for 0 <x <8~
and > (A19)
= ﬁ T <x <
p(x) - for s _x_SJ
d
is a satisfactory weighting function. From (_A18) it i1s obvious that
3% (n) _ . 22 () (A20)
dx2
and
3% (m) _ _ 2
3¥m) - - Ny (m) (421)
ox

Multiplying (A20) by ¥(m)p(x) ax, (A21) by V(n)p(x) dx, then subtracting one
from the other, and finally integrating give

S )
[sr (n) a_ziz“ﬂ-v(m) az‘l’zn)}pbc) ax = (%i —%Ii)w(m)ﬂr(n)mx) ax (a22)
ox ox
0 0

By using equations (A18), (Al9), and (A6), equation (A22) becomes
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S
[f(n) ) - fra) azf(:»] w5 [f(n) Prm) _ pm) Bzf(n)] o
dx? dx? kg dx> dx?
0

2
= [(7\(1)2 - (%d)z:l f(n)f(m) ax+ b d f(n)f(m) dx (A23)
n m kd Y%

0 s

Working with the first term of the first integral on the left of equation (A23)
and meking use of fu dv = uv -fv du twice 1in succession give

2/ (m) ax - - |fm) 2Lm) _ 3m) f(n 32/ (n)
/ f(n>_a_£§_ldx- [fu fir) _ ofin /()] O+f fm) LR ax
0 0

As a result, the left side of equation (A23) becomes

s S

of(n 3/ (m _ k n) Of(n) _ of(m n
g o 1] - e g g o

d
0

)

Since f=0 at x =0 and (0f/dx) = 0 at x = S (boundary conditions 1
and 2), the left side of (A23) becomes

_ maf(n)_af) n_kb n) Of(n) _ of(m
{f() {n) _ ofm) fn) k_d[f() £(n) a}g)f(n]}

s

From equations (A3)

The left side of (A23) is then

i {%j;(c_m)_ £(n) - f(n):, - %f_}(:ﬁ [f(m) - f(m)]}s

From equation (A9) at x = s
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S5

£ =

With this substitution for f +the left-haﬁd side of equation (A23) becomes zero
Since on the right-hand side of equation (A23)

(Kd)i - (%d)i 40 for n#m

then
s S
/ f(n)f(m) ax + P [ £(n)f(m) dx = 0 for n # m (A24)
(6]
where
2
%
2 k
b
result in

and f from equation (Al8) and dividing by C.C

Substituting for [
equation (Al1l).

42



APPENDIX B

EFFECT OF CYCLING

For the calculations of figures 4 and 5, the initial temperature distribu-
tion assumed for the drum wall was a uniform value of Ty across its thickness.
This is always a good assumption for the first cycle. TIf the contact time is
short (e.g., the curve for t, = 0.02 sec in fig. 4), the assumption may not be
valid for later cycles. In this appendix the effect of cycling on the belt
average temperature after contact Tl 1s discussed.

Cyeling results in a change of the initlial drum wall temperature distribu-
tion, which affects the average value of the belt temperature after contact.
The most rigorous method of determining the effect of cycling would be iteration
of the series solution for a given contact time. A constant temperature through
the drum wall can be assumed, and a first value of the belt high-temperature
parameter (T; - To)/(T, - Tp) and the local temperature parameter
(T - Tp)/(T, - Ty could be calculated. For the second calculation, T(x,0) of
the drum wall is taken as the values obtained at the end of the first cycle.
(The initial belt assumption of a uniform temperature through its thickness is
st111 valid.) The process can be repeated until the decreasing value of

(T4 - T2)/(Ty - T2) reaches an asymptote when plotted as a function of the num-
ber of cycles.

The method described in the preceding paragraph 1s rather involved; however,
it i1s possible to obtaln some limiting values without iterating by using, for
the initial drum wall temperature variation T(x,0), that variation obtained by
cyeling at a contact time approaching zero with zero time between contacts.
(For these cases, (Tl - TZ)/(TW - TE) also approaches zero.) For the illustrative
case of H = =, the temperature profile in the drum wall would approach a
straight line constant in tlme, as shown in sketch (g) where

T(X,O) =1 - (T - T /(T - T2 It tc > 0, the drum wall temperatures would be

1.0

T - T
TW—TZ

()
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higher at the end of a contact period than that given by the variation in

sketch (g). Thus, using the T(x,0) obtained from a cycle time approaching zero
produces a lower value of (T - TZ)/<TW - To) than the true value. In another
example where H = 10,000 Btu/(sq ft)(hr)(°R), the drum temperature distribution
approaches the value shown in sketch (h) for cycled contact time approaching
zerc. In this example, only one-third of the AT' drop occurs in the drum wall
(the conductance of the drum wall for the assumed thickness of 0.05-in. -thick
molybdenum is about 20,000 Btu/(sq ft)(hr)(°R)).

From the results of these and similar cases, limiting values of
(T - TZ)/(TW" T,) for several values of H were computed and plotted in fig-
ure 26. The upper limit of each shaded area was obtained by assuming the initial
temperature distribution to be constant at T, throughout the drum wall. The
lower limit line was obtained by assuming for T(x,0) the temperature variation
obtained by cycling the belt at t, - O as indicated in the two aforementioned
exemples. An iteration for (T, - T,)/(T, - T,) at a particular value of H for
any t, would fall in the corresponding shaded area. In the region of low
values of (Tq - Tp)/(T, - Tp), the iterative value would be near the bottom of
the shaded area. In the region of high values of <Tl - TZ)/(TW - TB) the itera-
tive value would be near the top of the shaded area. The spread in
(Tl - TZ)/<TW'" TZ) is seen to iIncrease as H increases. However, since, in
general, the spread 1s not large and for belt-radiation-system operation
(79 - T,)/(T, - To) is high, the effect of cycling on the drum to belt heat

ransfer 1s not considered very significant.
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APPENDIX C

DRUM WEIGHT ESTIMATE

In this appendix an estimate of drum weight is obtained by considering an
illustrative structure composed of a four-loop stationary drum (revolving belt)
20 feet long and 3 feet in diameter. A sketch of the drum cross section is
shown in figure 27. The drum 1s assumed to be composed of an inner and an outer
cylinder with separators (which also serve as support structures) to provide for
longitudinal flow channels. All parts of the basic drum were assumed to be mo-
lybdenum. The outer cylinder was 36 inches in diameter and 0.05 inch thick.

The inner cylinder was 34 inches in diameter and 0.02 inch thick. The separators
are 0.05 inch thick and spaced 4 inches apart. This geometry may require the
introduction of vapor at several positions along the length of the drum. The
turbine housing 1s assumed to form one end of the drum. The drum will not need
to support any compressive loads if the turbine-exhaust pressure is higher than
the belt contact pressure and if the entire drum 1s pressurized by the exhaust.
Annular passages could also be used for condensation with presumably no differ-
ence in weight.

To determine the weight of the meteoroid shield, the probability of no punc-
ture through the shield in 500 days was assumed to be 0.999. The calculations
were based on reference 12. Beryllium was used for shield material, since it
gives the lightest weight at the assumed shield temperature of 1000° R (ref. 13).
The shield also provided the support structure for the rollers.

The rollers for this example were assumed to be made of stainless steel and
5 inches in diameter. (This diameter would actually be determined by the thick-
ness of the belt material and the mechanical properties at the operating tempera-
tures.) The rollers consisted of hollow cylinders with 0.030-inch-thick walls
and suitable internal support structure. They were supported at 4-foot inter-
vals by bearings attached to the shield. The weight breakdown of the 3- by
20-foot drum and accessories is presented in the following table:

Component Weight,
ib
_—
Drum outer cylinder 500
TInner cylinder 390
Separators and stiffening members 120
Drum end 20
Rollers 460
Bearings and drive mechanism 150
Internal piping 100
Meteoroid shield i 910
Total 2350

The total weight is 2350 pounds, and the actual contact area is 153 square feet,
which gives a drum weight parameter f of 16 lb/sq ft.
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TABLE I. - WEIGHT BREAKDOWN OF RANKINE CYCLE POWERPLANT
WITH FLUID-FILLED RADIATORS

[Flectric output, 5 Mw; total reactor thermal power,
30 Mw; turbine-inlet temperature, 2310° R; turbine-
exit temperature, 1610° R; turbine efficiency, O0.77;
alternator efficiency, 0.80; net power output fac-

tor, 0.85.]
Group Component Component Group Specific
weight, weight, | weight,
1b 1b 1b/kw
Fixed weights Reactor 3, 000 17,800
Shield 1, 500
Boilers 6, 500
Primary loop 5, 400
and pumps
Startup loops 1, 400
Variable weights Turboalternators 7, 500 20, 200 4.04
Power conditioning 1z, 700
Weights replaced by | Condensers 7, 700
drum~-belt system |Primary radiators 15, 000
Subtotal 22, 700 60, 700 1z2.1
Weights not con- Structure 17,000
sidered Secondary radia- 13, 500
tor
Secondary piping 1, 800
Miscellaneous and 7, 000
contingencies
Total 39, 300 100, 000 20
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TABLEE IT. - EXAMPLES OF 5-MEGAWATT POWERPLANT SYSTEMS

(a) Rotating drum

Assumed inputs

ppb/€, 1b/sq Tt

Drum weight parameter, B, 1b/sq ft
Belt thickness, b, in.

Drum wall thickness, s, in.

Drum length, B, ft

Number of belt loops, N

Belt cycle temperature ratio, T

Results

Belt weight, wp, 1b

Drum weight, wg, 1lb
Radiator-system weight, 1b

Radiator specific weight, o', 1b/kw
Drum diameter, D, ft

Length of belt in one loop, L/N, ft
Belt speed, V, ft/sec

u (minimum weight value)

Contact time, tq, sec

Assumed inpﬁfs

Drum weight parameter, B, lb/sq £t
Drum diameter, D, ft
Number of belt loops, N

éllowable tensile stress, og, lb/sq in.

€
G

€q

‘Results

Drum weight, wg, 1b

Belt weight, wy, 1b
Radiator-system weight, 1b

Radiator specific weight, a', 1b/kw
Drum length, B, ft

u (minimum weight value)

Belt cycle temperature ratio, 7
Belt thickness, b, in.

Length of belt in one loop, L/N, ft
Belt speed, V, ft/sec

(b) Revolving belt

0.1038

16

0.005 (beryllium)
0.05 (molybdenum)
20

2

0. 69

1620
2270
3890
0.78
2.26
865
54.5
1.21
0.0652

16
2.26
4
5000
0.45
0. 85
0. 24

3990
1057
5047
1.01
41.4
1.075
0.720
0.00576
li8.5
11.25




Heat
radiated
to space

Heat

———— B
Heat Coolant
exchanger

source
Flow

Figure 1. - Basic concept of moving-belt-radiator system.
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//—theoroid
e shield

Rotating drum
filled with

N Enlarged view
of touching
surfaces

(a) Rotating-drum system.

Figure 2. - Mechanisms of heat transfer for moving-
belt radiators.



e

(b) Stationary drum with revolving belt (ref. 5).

/

Meteoroid
shield

e

(c) Statiocnary drum with revolving belt (alternate method).

Figure 2. - Continued. Mechanisms of heat transfer for moving-belt radiators.
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(e) Radiation.

Figure 2. - Concluded. Mechanisms of heat
transfer for moving-belt radiators.



(a) Two-loop system with
possible radiation from
both sides.

L/2 (p) Two-loop system, which
can radiate from one side
only.

N

(¢) Four-loop system, which can radiat
7) from one side only.

J~

Figure 3.

- Belt configurations for system analyzed.

e
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Temperature parameter, (T - Tp)/(T, - Tp)

l

Drum wall

] l

Figure 4.
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- Time history of temperature through drum wall and belt thick-
Contact conductance, 10,000 Btu/(sq ft)(hr)(°R); drum wall, O.O05-
inch-thick molybdenum; belt, 0.0l-inch-thick beryllium.
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Belt high-temperature parameter, (Ty - Tp)/(T, - Tp)
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Figure 5. - Belt high-temperature parameter as a function of contact time.



Belt high-temperature parameter, (T - To)/(T, - T5)

o6

Contact

conductance,
HJ
Btu/(sq ft)(hr)(°R)
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| A// ,///// Series solution
e ! —_— Approximate
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V. I N
g | |

0 .04 .08 .12 .16 .20 .24
Contact time, t,, sec

Figure 6. - Comparison of approximate solution with series solution of belt
high temperature. Drum wall, O.05-1lnch-thick molybdenum; belt, 0.0l-inch-

thick beryllium.
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Figure 7. - Value of u - 1 that gives minimum total welght as a function of ¢ = pbb/erBVETg for constant belt cycle temperature ratios.
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Figure 8. - Variation of drum plus belt weight per heat-rejection rate with

turbine-exit temperature for several contact conductances and belt cycle
temperature ratios. Drum weight parameter, 16 1b/sq ft; ppb/€, 0.1038
lb/sq ft; condensation heat-transfer coefficient, 1,000,000 Btu/

(sq f§)(hr)(°R); Kgp, 18,400 Btu/(sq £t)(br)(°R); u (minimum weight
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Figure 9. - Variation of radiator-system weight with
temperature.
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Drum + belt weight’ Wy
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Drum weight
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Figure 10. - Relative weight of drum and belt in a weight minimized
system. Drum weight parameter, 16 1b/sq ft; ppb/€, 0.1038 1b/sq £t
condensation heat-transfer coefficient, 1,000,000 Btu/(sq ft)(hr)(°R);
Kgb, 18,400 Btu/(sq ft)(hr)(CR); belt cycle temperature ratio, O.69;

u (minimum weight value).
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Figure 11. - Effect of condensing heat-transfer coefficient on drum plus belt
specific weight. Drum weight parameter, 16 1b/sq ft; Py b/€, 0.1038 1b/sq ft;
Kgp, 18,400 Btu/(sq f£t)(hr)(°R); belt cycle temperature ratio, 0.69; u (mini-
mm welght value).
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Figure 12. - Variation of drum plus belt weight per heat-rejection rate with
u for various design parameters &€ and values of Hh' Drum weight param-
eter, 16 1b/sq ft; Pyb/T, 0.1038 1b/sq ft; Kgp, 18,400 Btu/(sq £t)(hr)(°R);
belt cycle temperature ratio, 0.9; turbine-exit temperature, 1210° R.
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Figure 13. - Variation of drum plus belt weight per heat-rejection rate with
u for various turbine-exit temperatures. Drum-weight parameter, 16 Ib/sq £t;
Ppb/€, 0.1038 1b/sq ft; Ky, 18,400 Btu/(sq t)(hr)(°R); belt cycle temper-

ature ratio, 0.9; Hy, 1250 Btu/(sq £t)(hr)(°R).

63



64

L
B

Total belt length
Drum length

Drum diameter D
Drum length ° B

400

300

200

100

| I ] 1 IT Tlu'lbine—elxit
H temperature,
h Tg, —
Btu/(sq £t)(hr)(°R)
Ve
—_— 1,000,000 e -)
—_——_— 250 A
yd 1000
//
/
4 J

e / L —"
7 4 7 S re 1 1750
// // - "
,/ / - - // J
- o1
1
/
1000
R
/" ///1750
v yd
Ve yd
/ rd
A T
7
// r
A
Y
yavd
1 S /4?
/ //
patad
77 *
///
Z
4¢ ~ 1000
s ‘L175ol
.02 .04 .06 .08 .10

(Belt velocity)? V2 sq ft
Heat-rejection rate’ g~ (Btu)(sec)

Figure 14. - Dependence between belt-system geometry and speed. Drum
weight parameter, 16 1b/sq ft; Ppb/E, 0.1038 1b/sq ft; belt, 0.0l-inch-
thick beryllium; Kgp, 18,400 Btu/(sq £t)(hr)(°R); belt cycle tempera-
ture ratio, 0.69; u (minimum weight value); number of belt loops, 2.
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Figure 15. - Variation of belt stress for stationary drum with re-
volving belt, Drum weight parameter, 16 1b/sq ft; epb/e, 0.2076
lb/sq ft; belt, 0.0Ll-inch-thick berylliium; Kgy, 18,400
Btu/(sq £t)(hr)(°R); belt cycle temperature ratioc, 0.69; u (mini-
mum weight value); mumber of belt loops, 2.
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